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Grain boundaries often develop faceted morphologies in systems for which the interfacial free energy
depends on the boundary inclination. Although the mesoscale thermodynamic basis for such morpho-
logical evolution has been extensively studied, the inﬂuence of line defects, such as secondary grain
boundary dislocations, on the facet conﬁgurations has not been thoroughly explored. In this paper,
through a combination of atomistic simulations and electron microscopic observations, we examine in
detail the structure of an asymmetric S ¼ 5 [001] grain boundary in well-annealed, body-centered cubic
(BCC) Fe. The observed boundary forms with a hill-and-valley morphology composed of nanoscale {310}
and {210} facets. Our analysis clariﬁes the atomic structure of the {310}/{210} facet junctions and
identiﬁes the presence of an array of secondary grain boundary dislocations that are localized to these
junctions. Analysis of the Burgers vectors of the grain boundary dislocations, which are of type (1/5)
<310> and (1/5)<120>, shows that the defect density is consistent with that required to accommodate a
small observed angular deviation from the exact S ¼ 5 orientation relationship. These observations and
analysis suggest a crucial role for secondary grain boundary dislocations in dictating the length-scale of
grain boundary facets, a consideration which has not been included in prior analyses of facet evolution
and equilibrium facet length.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Faceting is an important manifestation of anisotropy in the
dependence of excess interfacial free energy on grain boundary
inclination. In general, it is favorable for an initially ﬂat boundary to
dissociate into a faceted “hill-and-valley” morphology, increasing
its total area, if in doing so the total interfacial energy of the system
is reduced by the formation of lower energy facets. The thermo-
dynamic frameworks for describing the faceting of crystal surfaces
and grain boundaries are well established [1e6] and provide clear
criteria for the conditions required for faceting and the overall
thermodynamic forces driving the interface evolution.
What is less clear is how the corners between facets, i.e., the
facet junctions, affect this evolution. Although various continuum
approaches have been used to describe facet junctions so that they
can be incorporated into mesoscale microstructural evolution
models [7e13], it is important to remember that the junctionslsevier Ltd. This is an open accessthemselves possess a discrete atomic structure that is intimately
linked to the structures of the interfaces that they join. A full un-
derstanding of these defects must then address the discrete
atomistic character of the junctions and the adjoining interfaces.
One consideration is that facet junctionsmay exhibit an intrinsic
dislocation character that results from the incompatibility of the
rigid body lattice translations of the adjoining interfaces [14,15].We
refer to such defects in this paper as intrinsic junction dislocations
(IJDs). Several theoretical treatments have investigated the role of
intrinsic junction dislocations, in conjunction with the interfacial
tension line forces and junction and facet energies, in controlling
whether stabilization or coarsening of the grain boundary facet
lengths is favored [16e18]. In these treatments, the intrinsic junc-
tion dislocations for a hill-and-valley morphology are shown to
provide a repulsive interaction that is countered by the line forces
resulting from the balance of interfacial tensions at the junctions.
That said, analysis of atomistic calculations for several different
boundaries in aluminum have found that the interfacial tension is
insufﬁcient to thermodynamically stabilize the ﬁnite length grain
boundary facets in the systems studied [17,18], although the corearticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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barriers limiting the coarsening [18].
In contrast to the analysis of the intrinsic junction dislocations,
much less attention has been given to the interaction of secondary
grain boundary dislocations (SGBDs) with facet junctions. SGBDs
differ in several respects from intrinsic junction dislocations. In
contrast to an IJD, whose Burgers vector is controlled by the in-
compatibility of translational states of the intersecting interfaces
and is thus not inherently a topological property since it depends
on the local microscopic degrees of freedom of the interfaces [14],
the Burgers vector of a SGBD is dictated by the crystallography of
the adjacent crystals. Speciﬁcally, the set of admissible line defects
at an interface is dictated by the set of difference vectors in the
dichromatic pattern formed by the superposition of the two crys-
tals at a deﬁned reference orientation, commonly taken as a low-S
coincident site lattice (CSL) orientation corresponding to a low
energy state in the energy versus orientation surface (e.g, [16]).
Furthermore, an SGBD will generally be associated with an atomic-
scale interfacial step [19]. Such combined, interfacial dislocation/
step conﬁgurations are also termed disconnections [20]. Because
SGBDs can arise through the decomposition of crystal lattice dis-
locations at a grain boundary during deformation [21e24] or may
be present to accommodate misorientation and interfacial co-
herency strains [25e28], establishing their inﬂuence on the
behavior of facet junctions is important to advancing our under-
standing of faceting at more realistic boundaries that depart from
the ideal of exact CSL conﬁgurations or that have interacted with
dislocations, for instance under mechanical processing.
Such issues motivate the work presented here in which we
explore the possibility that SGBDs can fundamentally alter the
junction structure and impact the facet length scale. We focus
speciﬁcally on the structure of facets and their junctions present in
an asymmetric S ¼ 5 [001] tilt boundary observed in BCC Fe. Fig. 1
illustrates the crystallography and geometry the S ¼ 5 system,
which arises at an intergranular misorientation of 36.87 about an
[001] axis [29] and has two distinct types of symmetric boundary
inclination: {210} and {310}. This system is convenient for exploring
the details of junction structure since the limiting symmetric {310}
and {210} inclinations are well understood from previousFig. 1. Dichromatic pattern showing the interpenetrating lattices for the BCC S ¼ 5 system
about the [001] axis by an angle of 36.87. Circle and square symbols indicate heights along
white symbols show the coincidence sites where the atoms of the two crystals share a lattic
{210} planes shared by the two crystals. (For interpretation of the references to colour in tinvestigations in several different BCC metals [30e42]. In contrast
to the symmetric inclinations, relatively little attention has been
paid to asymmetric BCC S ¼ 5 boundaries. Based on pioneering
atomistic calculations of asymmetric tilt boundaries by Brokman
et al. [43], it has been proposed that the structure of asymmetric
BCC S ¼ 5 [001] tilt boundaries could be interpreted in terms of
local, nanoscale facets on the symmetric {310} and {210} in-
clinations, motivating more detailed analysis of this question.
Our work in this paper, which combines atomic resolution
electron microscopy and atomistic simulations, identiﬁes such
nanoscale faceting at a S ¼ 5 boundary in Fe and provides insight
concerning how the atomic conﬁguration of the facet junctions is
related to the structure of the intersecting interfaces. More broadly,
we consider the interplay of secondary grain boundary dislocations
with the facet junctions. As we discuss, the observed boundary
incorporates secondary grain boundary dislocations that accom-
modate a small deviation from the exact S ¼ 5 misorientation.
Detailed analysis of the distribution and conﬁguration of these
defects shows how they are linked to the structure of the junctions
and suggests how the defects can dictate the length-scale of the
facets.
2. Methods
The grain boundary analyzed in this paper was observed in a
thin ﬁlm of Fe grown by pulsed-laser deposition. An Eximer laser
operating at 248 nm wavelength, 34 ns pulse width, 35 Hz pulse
rate, and 500 mJ pulse energy was directed to a 99.9985% pure Fe
target (Alpha Aesar, Ward Hill, MA, USA) at a nominal pressure of
2 107 Torr. A ﬁlm of 36 nm nominal thickness was deposited on a
NaCl substrate. Following deposition, the ﬁlm was removed from
the NaCl substrate using deionized water, ﬂoated onto a TEM grid,
and annealed to a maximum temperature of 675 C for a total of 2 h
in a Philips CM30 TEM in order to induce grain growth and to relax
the grain boundary structure in the as-deposited ﬁlms.
Atomistic characterization of the sample was conducted by High
Angle Annular Dark Field (HAADF) scanning transmission electron
microscopy (STEM) in a probe-corrected FEI 80e200 Titan instru-
ment (FEI, Hillsboro OR, USA), operated at 200 keV. Images wereprojected along a [001] direction. The white (l) and black (m) crystals are misoriented
the [001] axis differing by 0:5a0, where a0 is the BCC lattice parameter. The split, black/
e position. The red and blue lines show, respectively, the orientations of the {310} and
his ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. HAADF-STEM image showing the overall grain structure of the Fe ﬁlm. The
S ¼ 5 grain boundary that is the focus of this paper is indicated by the circle.
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software package (MathWorks, Natick MA, USA). In this analysis,
the positions of the intensity peaks, associated with the atomically
resolved structure, were determined by cross-correlating a
Gaussian template model with the HRSTEM image and conducting
a peak search on the resulting normalized cross-correlation
pattern. Skew in the peak positions, resulting from drift during
the scan acquisition, was measured from several positions well
separated from the interface and was corrected using an afﬁne
transformation based on the known interplanar angles for the Fe
<001> zone axis.
The structures and energies for the {210} and {310} symmetric
inclinations (refer to Fig. 1 for geometry) and for several asym-
metric inclinations between these bounding inclinations were
computed using the empirical interatomic potential for Fe devel-
oped by Mendelev and co-workers [44]. This potential exhibits
physical properties representative of iron, and has been previously
used to examine grain boundaries in iron, e.g. Refs. [39,42,45e49].
As a cross-check on the structures and relative differences in en-
ergy, a limited set of ab initio calculations for the {210} and {310}
symmetric inclinations and one asymmetric inclination, a S ¼ 5
{110}/{710} boundary, were also conducted.
For our calculations using the Mendelev potential, boundaries
were created using the technique developed by Tschopp and
McDowell [50,51]. In this method, a fully periodic atomic system is
created from two half-crystals, each of which is rotated such that
the crystals maintain a ﬁxedmisorientation angle as the inclination
of the boundary is swept through a range of angles. A sequence of
relative displacements between the upper and lower half-crystals
are used in conjunction with atom deletions and conjugate
gradient energy minimizations to determine a low energy grain
boundary conﬁguration. The dimensions of the resulting systems
are varied slightly in order to accommodate an integer number of
unit cells necessary to model each speciﬁc inclination. During en-
ergy minimizations, the dimensions within the grain boundary
plane are held ﬁxed, but the dimension perpendicular to the grain
boundary plane is allowed to relax to achieve zero normal stress for
that direction.
In order to investigate changes in boundary structure with
inclination, we followed the initial construction/relaxation protocol
with a simulated annealing process. This was done with the intent
of aiding the facet development in the asymmetric boundaries,
which in the absence of the annealing step did not form recog-
nizable facets. In this process, each boundary was heated quickly
(0.1 ns) from a temperature of 10 Kup to 85% of the anticipatedmelt
temperature of 1800K, i.e. 1530 K, held at this high temperature for
1 ns, and then slowly cooled back down to 10 K over the span of
10 ns. This annealing was performed at zero pressure, allowing the
system to expand or contract as appropriate. After annealing and
another nanosecond equilibration at low temperature, the system
again underwent a conjugant gradient energy minimization at 0 K.
It should be noted that although the simulated annealing process
helped in developing the facet structure, we found that it also
introduced some line-defects into the ideal symmetric {310} and
{210} boundaries complicating the analysis of the energetics and
translation states. Hence, the structural and energetic information
provided for the two symmetric inclinations in Table 3 and Fig. 8 are
from the conﬁgurations prior to the simulated annealing step.
The ﬁrst principles calculations were performed using the
Vienna Ab Initio Simulation Package (VASP) [52], which solves the
density functional theory (DFT) approximation employing a plane-
wave basis. We employed the generalized gradient approximation
(GGA) as parameterized by Perdew, Burke and Ernzerhof (PBE) [53].
The ionic pseudopotential is of the projector-augmented-wave
(PAW) form [54], incorporates 8 valence electrons, and wasobtained from the standard VASP pseudopotential library. The en-
ergy cut-off for the plane wave basis was 335 eV and the Brillouin
zone samplingwas based on theMonkhorst-Pack scheme [55]. Spin
polarized calculations were performed to incorporate the magne-
tism of the Fe system. The ﬁrst principles calculations were per-
formed using periodic cells containing two grain-boundaries of
opposite sense in each cell.
The periodic lengths in the two directions parallel to the
boundary planes were held ﬁxed at the dimensions consistent with
the computed lattice constant while the cell dimension normal to
the boundary planes was adjusted to minimize the energy. The cell
dimensions parallel to the boundary were not relaxed since the
inherent interfacial stress combined with the small cell sizes would
have led to artiﬁcially contracted cells. Fixing these dimensions at
bulk values reﬂects the geometry that would be obtained in the
limit of arbitrarily large bulk regions. The minimization of the en-
ergy via adjusting the cell dimensions normal to the boundary al-
lows for the determination of the net expansion at the boundary.
Grain boundaries are typically less dense due to the changes in
bonding and steric constraints, which leads to an effective expan-
sion of the boundary region. The optimization of the periodic
length normal to the boundary was performed by dilating the
spacing normal to the boundary in the vicinity of the boundary but
not altering the structure in the bulk crystals followed by a struc-
tural minimization. Due to the reduced atomic density at the
boundary, a local enhancement of the magnetic moments at the
boundary is predicted.3. Results
3.1. Experimental observations
Fig. 2 shows a HAADF-STEM image providing an overview of the
polycrystalline ﬁlm. The grain sizes are on the order of several
100 nm and some thermal grooving is evident from the darker
contrast at the grain boundaries. We focus here on the boundary
indicated by the white circle. A higher magniﬁcation image of this
boundary is shown in Fig. 3. The two adjacent grains are oriented
along a shared [001] axis and are close to the S ¼ 5 orientation.
From analysis of the diffractogram (Fig. 4) produced by Fourier
transforming an HAADF-STEM image of this region, the
Fig. 3. HAADF-STEM image showing atomic resolution detail of the S ¼ 5 boundary structure. The boundary has formed short, nanometer-scale facets along the symmetric {310}
and {120} inclinations. Overall the interface is asymmetric with an average inclination, 4, of approximately 25 away from the symmetric {310} inclination. Some skew distortion is
present in the image due to specimen drift during the scan acquisition.
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angle is rotated 2.38 ± 0.75 from the exact S ¼ 5 misorientation
(qS¼5 ¼ 36.87).
Overall, this boundary possesses an asymmetric inclination.
Over the segment of boundary shown in Fig. 3(a), the inclination, 4,
is roughly midway between the symmetric {310} and {210} in-
clinations and is measured to be 4 ¼ 26.3 ± 1.0 relative to {310}.
Atomistic-level inspection of the boundary shows that it has
accommodated the asymmetric inclination by faceting into a hill-
and-valley morphology composed of segments lying parallel with
the symmetric {310} and {210} inclinations (Fig. 3(b)). Each of these
facets is very short, with lengths in the range of 1e2 nm.
The observed structures of the two types of facet are very reg-
ular and form repeating patterns of structural units. To illustrate
this point, Fig. 5 plots the intensity peak positions extracted fromFig. 4. Diffractogram from Fourier transform of an HRSTEM image of the grain
boundary. The misorientation is measured to be 34.49 ± 0.7 which is 2.38 from the
exact S ¼ 5 misorientation (qS¼5 ¼ 36.87). This pattern was calculated from an image
encompassing the same region as Fig. 3(a), but collected over a larger ﬁeld of view and
at a faster scan rate in order to minimize distortions due to specimen drift.the experimental image for a region encompassing several facets.
The structural units associated with the {210} and {310} facets are
annotated on this plot.
We also analyzed the interface for secondary grain boundary
dislocations, which we anticipated could be present to accommo-
date the deviation from the exact S¼ 5misorientation. The Burgers
vector, b, of an interfacial line defect can be determined by circuit
mapping from Ref. [56]:
b ¼ Cl þ PCm (1)
In this expression, Cl and Cm are paths constructed of perfect
lattice translation vectors in the two crystals, labeled l and m, and P
converts crystal vectors from the m to l crystal frame. For our
geometry,
PS5 ¼
0
BBBBB@
4 =5 3 =5 0
3 =5 4 =5 0
0 0 1
1
CCCCCA
(2)
Cl and Cm are chosen such that they meet at crystallographically
equivalent interfacial sites on both sides of the defect. In this way,
the interface crossings, which depend on relaxations of the inter-
face, cancel out of the analysis. Thus, we constructed circuits
around pairs of facet junctions, so that the circuit paths would meet
at equivalent sites on the same type of facet.
We constructed such paths around all of the junction pairs
observed in Fig. 3(a). As an example, two of these circuits are shown
in Fig. 5 and analyzed in Table 1. The results from all of the junction
pairs observed in Fig. 3 are summarized in Table 2 and in the
schematic shown in Fig. 6. Remarkably, we found that every
observed junction pair was associated with a secondary grain
boundary dislocation. Two different types of Burgers vector were
observed, (1/5) [310] and (1/5) [120]. These two types of dislocation
are both of pure edge character and possess Burgers vectors ori-
ented at 45 with respect to each other. The relationships between
the dislocation content, the boundary geometry, and the junction
structure are explored in the discussion section.
Fig. 5. Intensity peak positions extracted from the experimental HRSTEM image from a region encompassing several facet junctions. The peak positions have been corrected via an
afﬁne transformation to correct for shear distortion resulting from drift during the image acquisition. The structural units for the {310} and {210} facets are annotated using blue and
red kite motifs, respectively. Two examples of circuit paths employed for determining the dislocation content present at the junctions are shown. Each path is constructed so that its
interface crossings occur at crystallographically equivalent sites. As summarized in Table 1, the upper circuit (Cl: ABC and Cm: KLMN) gives b¼(1/5) [3 1 0] and the lower circuit (Cl:
DEF and Cm: GHIJ) gives b¼(1/5) [1 2 0]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Burgers vectors, b, determined using Equation (1) for the circuit maps shown in
Fig. 5. As discussed in the text, the Burgers vectors, b, are determined from circuits
constructed around pairs of facet junctions such that the circuit paths cross the
interface at crystallographically equivalent locations. All lengths are presented in
units of the lattice parameter, a0, and directions of the Burgers vectors are referenced
to the coordinate frame of the crystal to the left of the boundary, designated as l.
Upper Circuit Cl: ABC Cm: KLMN
[9, 8, 0] [3, 12, 0]
b ¼ (1/5) [3 1 0]
Lower Circuit Cl: DEF Cm: DHIJ
[6, 7, 0] [1, 9, 0]
b ¼ (1/5) [1 2 0]
Table 2
Summary of defects analyzed from the experimental image in Fig. 3 and shown
schematically in Fig. 6. The table also compares the observed Burgers vector density,
B, which is calculated by dividing the total b by the length of boundary analyzed, L,
with that predicted from the Frank-Bilby equation (Equation (3)) for the experi-
mentally observed misorientation and inclination. Uncertainty in the observed B
arises from the determination of the boundary length. Uncertainty in the predicted B
arises from the measurements of misorientation and inclination. All lengths are
presented in units of the lattice parameter, a0, and directions are referenced to the
coordinate frame of the crystal to the left of the boundary, designated as l.
Facet Junction Pair b (in l crystal frame), (units of a0)
1e2 (1/5) [3,1,0]
3e4 (1/5) [1,2,0]
5e6 (1/5) [1,2,0]
7e8 (1/5) [3,1,0]
9e10 (1/5) [1,2,0]
total b (1/5) [9,8,0]
length of boundary analyzed, L. 59.8 ± 4.7 a0
Burgers vector density (observed), B [0.030 ± 0.002, 0.027 ± 0.002, 0]
Burgers vector density (predicted), B [0.029 ± 0.010, 0.030 ± 0.010, 0]
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To gain further insight concerning the structure and energy of
the facets and their junctions, we conducted atomistic simulations
of the interfacial structure and energy for the {310} and {210}
boundaries and several intermediate boundary inclinations. To
begin, consider Fig. 7, which plots the variation in interfacial energy
as a function of inclination as calculated using the Mendelev po-
tential. Also plotted are the results from the DFT calculations for the
two symmetric inclinations ({310} 4 ¼ 0 and 90; {210} 4 ¼ 45)
and for the intermediate asymmetric inclination of {710}/{110}
(4 ¼ 26.565), which is close to the average inclination of the
experimentally observed boundary. The calculations show that thelowest energies versus inclination are obtained for the {310} and
{210} interfaces.
3.2.1. Structures of the {310} and {210} symmetric inclinations
The calculated structures for the symmetric {310} and {210}
Fig. 6. Schematic showing the distribution of grain boundary dislocations observed
along the faceted boundary, as summarized in Table 2.
Fig. 7. Variation in interfacial energy as a function of inclination angle for S ¼ 5 [001]
boundaries as calculated using the Mendelev potential (red) and density functional
theory (black). The results are mirrored about 45 to illustrate the symmetry. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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Consider ﬁrst the S ¼ 5 {310} structures. Both the Mendelev po-
tential and the DFT calculations produced qualitatively similar
interfacial conﬁgurations consisting of kite-like structural motifscorresponding to capped triangular prisms, as has been discussed
previously for this type of boundary [30]. The Mendelev potential
produced a structure with mirror symmetry about the interfacial
{310} plane, with no shift in the [001] direction. In contrast, the DFT
calculations predict a small energetic reduction, of 40 mJ/m2, for a
translation of 0.14 a0 in the [001] direction. Our ﬁrst principles
calculations for the S ¼ 5 {310} boundary are consistent with
previous ﬁrst principles calculations in this regard [37,38,41].
Other than the details of the local relaxations and rigid body
shifts, the calculated structures for the S ¼ 5 {310} boundary are
similar to what would be expected from a simple geometric con-
struction from the two adjacent lattices. The situation is more
complicated for the S ¼ 5 {210} structure. A simple geometric
construction of the boundary gives a starting atomic structure that
has two atoms placed very close together across the boundary
plane. In previous DFT calculations of the Fe S ¼ 5 {210} boundary
by Braithwaite and Rez [36] and byWachowicz et al. [40], this small
atomic spacing was relaxed by incorporating a shift of 0.25 a0 or 0.2
a0, respectively, in the direction parallel with the interface and
perpendicular to the tilt axis. The grain boundary energy obtained
for this structure by Wachowicz et al. was g ¼ 2000 mJ/m2. If we
employ a similar starting conﬁguration, our DFT calculations give
results in good agreement with these previous DFT calculations
(g ¼ 2040 mJ/m2). However, we also considered an alternative
starting construction in which each pair of overlapping atoms was
replaced with a single atom at the average position. In this case, the
DFT calculations predict a symmetric structure with an energy that
is reduced by 400 mJ/m2 relative to the shifted structure. The
structure calculated with the Mendelev potential is qualitatively
consistent with this lower energy structure, although one subtle
difference is that it predicts a small lateral offset of the atoms lying
on boundary plane, which breaks the mirror symmetry. This sym-
metry breaking is also apparent in previous calculations for the
S ¼ 5 {210} boundary reported by Tschopp et al. [42] who also
employed the Fe Mendelev potential.
The experimentally observed structures along the individual
facets are qualitatively consistent with the kite-shaped structural
units identiﬁed from the atomistic calculations. To illustrate this
point, Fig. 9 plots the experimentally observed intensity peak po-
sitions measured from the individual {310} and {210} facets of
Fig. 3(a), aligned by mean centering and superimposed on the
calculated structures (Mendelev potential), for these two interfaces.
Uncertainty in the experimental peak position determination and
in the rotational alignment, prevents us from distinguishing be-
tween the subtle differences of the Mendelev and DFT calculations.
We also emphasize the following caveats. First, since the experi-
mental observations are in projection, they are not sensitive to any
translation along the [001] axis. Thus, for instance, we cannot
distinguish between the two nearly energy degenerate {310}
structures, with and without a shift along the tilt axis, predicted by
the DFT calculations. Second, given the short facet lengths it is
possible that translational incompatibilities between adjacent fac-
ets could be suppressed as has been observed and calculated for
other boundaries with short facet lengths [57e59]. These caveats
aside, that the atomic conﬁgurations of the experimentally
observed individual facets are consistent with what we would
expect for extended {310} and {210} boundaries provides a foun-
dation for interpreting the details of the junction structure and its
connection to the interfacial dislocation content.
3.2.2. Structures of the asymmetric inclinations
The above results give us conﬁdence in interpreting the
observed structures of the individual {310} and {210} facets. The
next issue is to understand how these conﬁgurations are related to
the structures at the asymmetric inclinations and how they impact
Fig. 8. Calculated atomic structures for (a) the S ¼ 5 {310} and (b) the S ¼ 5 {210} boundaries in Fe, projected along the <001> tilt axis. The upper ﬁgures show the structures
calculated using the Mendelev potential. The atoms are colored according to relative height along the <001> axis. The kite-shaped motifs discussed throughout the paper are
annotated on the ﬁgures. The lower ﬁgures compare the atomic positions calculated using the Mendelev potential (black) and using DFT (yellow). The atomic positions are scaled by
the calculated lattice parameter (Mendelev: a0 ¼ 0.2855 nm; DFT: a0 ¼ 0.2831 nm) and have been aligned by mean-centering. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
Table 3
Summary of the interfacial energies and rigid body translations, p, in units of lattice parameter, a0, for the S ¼ 5 {210} and S ¼ 5 {310} interfaces as calculated from the
Mendelev potential and DFT.
S ¼ 5 {2 1 0} Mendelev DFT (without plane removal) DFT (extra plane removed)
Energy 1096 mJ/m2 2040 mJ/m2 1640 mJ/m2
p [0 0 1] 0.00 a0 0.00 a0 0.00 a0
p [2 1 0] (interface normal) 0.12 a0 0.13 a0 0.12 a0
p [1 2 0] (parallel to interface) 0.06 a0 0.22a0 0.00 a0
S ¼ 5 {3 1 0} Mendelev DFT (no [001] translation) DFT (with [001] translation)
Energy 987 mJ/m2 1580 mJ/m2 1540 mJ/m2
p [0 0 1] 0.00 a0 0.00 a0 0.14 a0
p [3 1 0] (interface normal) 0.11a0 0.10 a0 0.11 a0
p [1 3 0] (parallel to interface) 0.00 a0 0.00 a0 0.00 a0
D.L. Medlin et al. / Acta Materialia 124 (2017) 383e396 389the nature of the facet junctions. A key question is whether the
system energy is reduced by facet coarsening. To investigate these
relationships, we conducted a series of atomistic simulations for
asymmetric S¼ 5 boundary conﬁgurations. Fig. 10 shows examples
of several structures computed by molecular dynamics with
simulated annealing for different average inclinations between the
limiting cases of {310} and {210}. The boundaries have formedwell-
deﬁned {310} and {210} facets following the simulated annealing
procedure. As expected, at the lower inclinations, a larger portion of
the boundary is composed of {310} facets, whereas at the higher
inclinations a larger fraction is composed of {210} facets. It is
interesting to note that some limited faceting on the {710}/{110}
inclination can be also identiﬁed in the MD simulations (see circled
regions in Fig. 10). Based on our energetic analysis presented next,
we believe that these are kinetically limited structures that have
simply had insufﬁcient time under the ﬁnite duration of the MDsimulation to coarsen into well-deﬁned {310} and {210} facets.
Indeed, the boundary shown in Fig. 10 for the 4 ¼ 26.565 case
started as a ﬂat {710}/{110}inclination.
Although the MD simulations are useful in showing the spon-
taneous formation of facets on the {310} and {210} inclinations,
because the facet formation is stochastic, it is difﬁcult to system-
atically analyze the details of the junction structure and the ener-
getics of the junction interactions. To better explore these issues,
we conducted a molecular statics study of the effect of facet junc-
tion separation for a boundary of ﬁxed average inclination, again
keeping the boundary at the exact S ¼ 5 misorientation, so that we
could understand the baseline behavior in the absence of SGBDs.
For this analysis we chose an asymmetric boundary with an average
inclination corresponding to {710}/{110} (4 ¼ 26.565). This
average inclination, which is close to that of the experimentally
observed boundary, is also convenient because it arises for the
Fig. 9. Detail of the S ¼ 5 {310} (a) and the S ¼ 5 {210} (b) structures. The red and blue
circles are the atomic positions calculated with the Mendelev potential. The yellow
circles are the experimentally observed intensity peak positions from the structural
units along the {310} and {210} facets. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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{310} and {210} structural units [43]. This geometry has recently
been proposed as a standard asymmetric boundary reference
conﬁguration [60] and has been explored in atomistic simulations
of grain boundary migration in FCC Ni [60,61]. We also note that
previous etching studies on a S ¼ 5 bicrystal in Fe-6 at.% Si indi-
cated a reduced etch rate for the {710}/{110} inclination suggesting
it has special character [62].
Starting from the {710}/{110} boundary, we systematically
increased the {310} and {210} facet lengths, while keeping the
average inclination constant, and computed the change in bound-
ary energy for interfaces relaxed at 0 K. Fig. 11(a) shows the
boundary structure for different lengths of {310} and {210} facets.
We denote these conﬁgurations by specifying the respective
number of {210} and {310} structural units in adjacent facets,
n210:n310. For instance, in this nomenclature, 1:1 denotes the ideal
ﬂat {710}/{110} interface, whereas 4:4 denotes a faceted conﬁgu-
ration with adjacent facets consisting of four {210} structural units
and four {310} structural units. The coarsest facet conﬁguration we
considered was 8:8.
These calculations predict a reduction in system energy with
facet coarsening. Fig. 11(b) plots the excess energy associated the
facet junctions and their interactions, g-g0, as a function of the facet
period, L. Here, g is the total projected interfacial energy (i.e. per
unit area of the average {710}/{110} interface plane) and g0 is the
projected interfacial energy in the limit of inﬁnite junction sepa-
ration (i.e., no energetic contribution from the junctions). g0 is
calculated from the energies of the ideal {310} and {210} bound-
aries accounting for their geometric projection with respect to the
average interface plane.1 Previous analyses considering the in-
teractions between the line forces at the facet junctions due to
interfacial stress and the interactions between the intrinsic1 The limiting projected interface energy, g0, is given by:
g0 ¼ g1 1cos 41

tan 42
tan 41þtan 42

þ g2 1cos 42

tan 41
tan 41þtan 42

where g1 and g2 are interfacial
energies of the two types of facet and 41 and 42 are the angles of these facets with
respect to the average interface plane. For the {710}/{110} average inclination
considered here, the angles between the {120} and {310} facets and the average
interface plane are 18.43 and 26.57 respectively.junction dislocations give a functional form for the energetic
dependence on facet period as ðg g0Þ ¼ ðC1=LÞlnLþ C2=L. with
a ﬁnite facet spacing thermodynamically stabilized only for C1 <
0 [16e18]. A ﬁt of this equation to the energies determined from the
atomistic calculations (blue curve, Fig. 11(b)) gives a monotonically
decreasing excess energy with increased junction spacing.
4. Discussion
The preceding results demonstrate how a complex asymmetric
grain boundary can be composed of individual nanoscale facets
consisting of simpler low-energy, short-period structures. Our
atomic resolution observations show that the structures of these
facets is consistent with that expected for the ideal, singular {310}
and {210} boundaries, despite the nanoscale extent of the indi-
vidual facets. In this regard, our observations and calculations
conﬁrm long-standing theoretical predictions that had proposed
that asymmetric BCC S ¼ 5 [001] tilt boundaries would break up
into nanoscale {310} and {210} facets [43]. Our calculations
showing a continuous reduction of system energy with increasing
facet length indicate, however, that such ﬁnite length facets are not
thermodynamically stable, at least in the ideal exact S ¼ 5 orien-
tation. So what does control the length-scale?
The presence of secondary grain boundary dislocations in the
experimentally observed boundary poses an important departure
from the ideality typically considered in analyses of grain boundary
faceting. Although the presence of such dislocations is not itself
surprising given the deviation of the boundary from the exact S¼ 5
orientation, what is intriguing is that these dislocations are
distributed at the same density as the facet junction pairs. This
raises the question of how the SGBDs affect the junction structure
and whether there is any mechanistic link between the defect
density and the facet length scale in the experimentally observed
system.
The subsequent analysis addresses these questions in two parts.
In the ﬁrst part, we quantify the relationship between the experi-
mentally observed defect density and the geometrical parameters
of the boundary, namely its misorientation and inclination.
Through this analysis we show that the observed SGBDs are ar-
ranged at a density near that required to cancel the long-ranged
coherency strains for the observed misorientation and average
inclination, as dictated by the Frank-Bilby equation [16], indicating
that the SGBDs have adopted a conﬁguration this is equilibrated to
the local boundary geometry. Next we consider how these dislo-
cations are incorporated into the observed boundary structure at
the atomistic level. We ﬁnd that SGBDs are located at the facet
junctions, thus establishing a linkage between the faceting length-
scale and the positions of the SGBDs.
4.1. Relationship between defect density and boundary
misorientation and inclination
As reported in section 3.1, the circuit analyses of the observed
boundary identiﬁed two types of secondary grain boundary dislo-
cation: those with b¼ (1/5)[3 1 0] and those with b¼(1/5)[1 2 0].
The interfacial dislocation content required to accommodate the
long-range strains resulting from the misorientation and inclina-
tion is obtained through the Frank-Bilby equation [16]:
B ¼

I  P1

v (3)
Here, B is the Burgers vector density at the interface between
two grains and themisorientation and inclination are encompassed
in P and v, respectively. For the discussion in this section, we deﬁne
P in terms of the misorientation, q, away from the exact S ¼ 5
Fig. 10. S ¼ 5 boundary structures following simulated annealing for three different inclinations (Mendelev potential). Formation of {310} and {210} facets is evident in all cases.
Additionally, some asymmetric {110}/{710} facets (circled in red) are observed. Atoms are shaded using the common neighbor analysis (CNA) scheme [65], here with blue rep-
resenting atoms in BCC coordination and white representing non-identiﬁed coordinations. The occasional red atoms are sites identiﬁed by CNA as being in an hexagonal close-
packed conﬁguration. Since these sites are isolated, this classiﬁcation likely represents random ﬂuctuations in the structure. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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P ¼ URðqÞU1 (4a)
where R(q) is a rotation matrix
R ¼
2
4 cosðqÞ sinðqÞ 0sinðqÞ cosðqÞ 0
0 0 1
3
5 (4b)
and U is a matrix of the orthogonal unit vectors in the left crystal
reference frame,
U ¼
2
4
3
. ﬃﬃﬃﬃﬃﬃ
10
p
1
. ﬃﬃﬃﬃﬃﬃ
10
p
0
1
. ﬃﬃﬃﬃﬃﬃ
10
p
3
. ﬃﬃﬃﬃﬃﬃ
10
p
0
0 0 1
3
5 (4c)
For the inclination, we take v as a unit vector aligned parallel
with the interface (and orthogonal to the [001] tilt axis). v is related
to the inclination angle, 4, throughv ¼ URð4ÞU1v0 (5)where v0 deﬁnes the inclination for 4 ¼ 0, and for our geometry is
v0 ¼ ð1=
ﬃﬃﬃﬃﬃﬃ
10
p
Þ½1;3;0.
Table 2 compares the predictions of the Frank-Bilby equation for
the experimentally measured misorientation and inclination of
q ¼ 2.38±0.75 and 4 ¼ 26.3 ± 1.0, respectively, with the
experimentally determined Burgers vector density. (The experi-
mentally observed B is obtained by summing the individual Burgers
vectors of the observed defects and dividing by the length of
boundary analyzed). As can be seen, the predicted and observed
Burgers vector densities are in close agreement, indicating that the
observed secondary grain boundary dislocations are distributed at
a density near that required to cancel the long-range stresses for
this misorientation and inclination.
Some further insight is provided by decomposing the disloca-
tion content into a linear combination of Burgers vector density
components, B310 and B120, aligned along the directions of the two
observed types of secondary grain boundary dislocation. Fig. 12
plots these components as a function of both inclination and
misorientation. For a symmetric inclination of 4 ¼ 0, tilt
Fig. 11. (a) Structures calculated using differing lengths of {210} and {310} facets at an asymmetric S ¼ 5 boundary with ﬁxed average inclination of {710}/{110} (4 ¼ 25.565)
(Mendelev potential). The facet lengths are speciﬁed in terms of numbers of {210} and {310} structural units in each pair (n210:n310). Atoms are shaded using the common neighbor
analysis (CNA) scheme [65]. (b) Plot of the excess energy associated with the facet junctions, g-g0, where g0 is the interfacial energy associated solely with the facets in the absence
of a contribution due to junction energy or interaction. g0 is calculated from the energies for the ideal {310} and {210} boundaries and is 1134.5 mJ/m2 for this inclination (Mendelev
potential). The blue curve is a ﬁt to the functional form ðg g0Þ ¼ ðC1=LÞlnLþ C2=L. (C1 ¼ 76.55 mJ/m2 and C2 ¼ 2.94 mJ/m2, L in units of a0) [16e18]. The coefﬁcients imply a
monotonically decreasing excess energy with increased junction spacing. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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accommodated by an array of (1/5)[3 1 0] dislocations. However,
with any rotation of the boundary to an asymmetric inclination, the
compatibility strains can no longer be fully accommodated solely
by the (1/5)[3 1 0] dislocations, and the introduction of an addi-
tional dislocation component, such as the (1/5)[1 2 0] dislocations,
is required.
As a brief digression, we consider the additional dislocation
content due to the intrinsic junction dislocations, which results
from incompatibilities in the translation states of the two adjoining
facets [14]. Since this quantity is dependent on the relaxations of
the interfaces, it is not a topological property of the junctions and is
not determined by the circuit analyses as we have constructed
them. However, it can be computed from the differences in the rigid
body translations, p, determined from the atomistic calculations of
the ideal {310} and {210} interfaces (Table 3). From this analysis we
ﬁnd that the magnitudes of the intrinsic junction dislocation con-
tent range from 0.08 to 0.13a0 for the Mendelev potential,
depending on the signs of the translations parallel with the inter-
face, to 0.17 a0 for the lower energy DFT calculations. These Burgers
vector magnitudes are small compared with those of the (1/5)
<310> and (1/5)<120> secondary grain boundary dislocations
(0.63 and 0.45 a0, respectively). Moreover, we would expect the
intrinsic junction dislocations to be oppositely signed at junction
corners of opposite sense, and so for a hill-and-valley morphology
would cancel and hence not contribute to accommodating the
rotational misorientation. Thus, for our analysis we ignore this
contribution to the dislocation content, although the translation
state incompatibility would certainly be relevant to understanding
the local strain conﬁguration near the junctions.4.2. Localization of the grain boundary dislocations in the facet
junction structure
We next ask how the secondary grain boundary dislocation
content is manifested in the details of the boundary and facet
junction structure. As a reference point, we start by considering the
calculated junction structure for a faceted boundary at the exact
S ¼ 5 misorientation, a conﬁguration for which no secondary grain
boundary dislocation content is required. Fig. 13 shows details of
the junction structure calculated for the S ¼ 5 4 ¼ 26.565
boundary (n210:n310 ¼ 8:8) discussed earlier in section 3.2.2.
Deﬁning directions along the interface relative to the kite-shaped
structural motifs we can distinguish between junctions for which
the kites meet in a “head-to-head” conﬁguration (Fig. 13(a)) versus
those for which the kites meet in a “tail-to-tail” conﬁguration
(Fig. 13(b)). In the calculated “head-to-head” junctions, the heads of
the kites are immediately adjacent to each other and share two
atomic columns, whereas in the calculated “tail-to-tail” junctions,
the tails are separated by one atomic spacing at the junction.
The calculated conﬁgurations in Fig. 13 can be compared with
the junctions in the experimentally observed boundary, which we
know from our circuit analyses contain additional secondary grain
boundary dislocation content. As with the calculated “tail-to-tail”
junctions, the kite motifs in the experimentally observed “tail-to-
tail” junctions are also separated by one atomic spacing (e.g., see
Fig. 5). The difference arises when we compare the “head-to-head”
junctions. As can be seen in the examples shown in Fig. 14, exper-
imentally we ﬁnd that the heads of the kites are separated, unlike
the calculated “head-to-head” junctions where the heads of the
kites touch. Furthermore, we observe two distinct types of “head-
Fig. 12. Burgers vector density (per length of interface) required to accommodate deviations from the exact S ¼ 5 orientation relationship for rotations in misorientation and
inclination about [001] as calculated by the Frank-Bilby equation and presented as a linear combination of components in the [310] (a) and [120] (b) directions. For an inclination of
0 (i.e. for an interface normal to (310)), the misorientation can be fully accommodated by (1/5) [310] dislocations with zero [120] component; however for deviations away from the
symmetric (310) inclination, an additional dislocation component is required. The measured Burgers vector density components in the [310] and [120] directions are
B310 ¼ 0.021 ± 0.002 and B120 ¼ 0.022 ± 0.002. These compare well with the components calculated from the Frank-Bilby equation: B310 ¼ 0.018 ± 0.006 and B120 ¼ 0.027 ± 0.010.
Fig. 13. Detail of the calculated junction structures for the (a) “head-to-head” and (b) “tail-to-tail” conﬁgurations. Exact S ¼ 5 misorientation with average inclination of {710}/{110}
(4 ¼ 26.565), 8:8 facet length conﬁguration. In the “head-to-head” conﬁguration, the {210} (red) and {310} (blue) kite-motifs are immediately adjacent to each other and share two
atom columns. (Mendelev potential). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
D.L. Medlin et al. / Acta Materialia 124 (2017) 383e396 393to-head” junction. In the observations shown in Fig. 14(a), the head
of the last kite of the upper {210} facet is directly above the head of
the last kite of the lower {310} facet. In contrast, in Fig. 14(b) the
heads of these two kites are offset laterally. From the circuit ana-
lyses, we ﬁnd that the junctions in the conﬁguration of Fig.14(a) are
invariably associated with dislocation content of b¼(1/3) [310],
whereas those in the conﬁguration of Fig. 14(b) are associated with
dislocation content of b¼(1/5) [120]. This result suggests that the
grain boundary dislocation content is localized to the “head-to-
head” junction core explaining the difference from the atomistic
calculated structure.
To explore this hypothesis further, we consider a geometric
construction for how the junction structure would change with the
introduction of the two types of grain boundary dislocation, b¼(1/
5) [310] and b¼(1/5) [120], observed in this study (Fig. 15). For this
discussion, it is important to recognize that the defects possess
both dislocation and step content (i.e., they are disconnections [20]).
To start, Fig. 15 shows schematically the structure of an ideal head-to-head (120}/(310) junction in the absence of a grain boundary
dislocation. For reference, the atom positions are superimposed on
the S ¼ 5 dichromatic pattern: the left grain corresponds to the
white atom sites and the right grain corresponds to the black atom
sites. The atoms at the tails of the (120) kites are placed at the mid-
position of the two closely spaced white and black sites. Next, we
envision removing material to create surface steps, thereby open-
ing up a gap at the (310) interface (Fig. 15(b) and (d)). These surface
steps can be linked to perfect crystal translation vectors, tl and tm, in
the white and black crystal lattices respectively, and hence to the
Burgers vector of the ﬁnal defect through [56]:
b ¼ PS5tm  tl (6)
[Note: the order of terms in Equation. (6) is reversed from that
originally presented in Ref. [56] to maintain the sign convention for
the geometry as presented in this manuscript].
Finally, this gap is closed through a Volterra operation that
Fig. 14. Detail of the positions of the experimentally observed intensity-peaks for two different “head-to-head” type junctions (enlarged from the region analyzed in Fig. 5). In both
cases the {210} (red) and {310} (blue) kite-motifs are separated at the junction by one atomic spacing. This is different from the “head-to-head” junction calculated for a faceted
boundary at the exact S ¼ 5 misorientation (Fig. 13a) for which the heads of the kites are joined. The difference in structure arises due to the presence of secondary grain boundary
dislocations at the facet junction of type (a) b¼(1/5) [310] and (b) b¼(1/5) [120]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 15. These schematics illustrate how secondary grain boundary dislocations change the junction structure. (a) A perfect, “head-to-head” junction superimposed on the S ¼ 5
dichromatic pattern. The {120} and {310} structural units are shown by the red and blue kites, respectively. (b) A gap is opened up in the {310} facet by introducing surface steps
corresponding to translation vectors of tl ¼ [0, 1, 0] and tm ¼ [0, 1, 0] (see inset) (c) Closing the gap and recovering the {310} facet structure requires a net displacement of (1/5)
[310] and results in an offset kite conﬁguration. (d,e) are similar to (b,c) except here the displacement is such to produce a (1/5) [120] disconnection at the facet junction. In this case,
tl ¼ ð1=2Þ½1;1;±1 and tm ¼ ð1=2Þ½1;1;±1. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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the interfacial dislocation (Fig. 15(c) and (e)). As can be established
from comparison of Figs. 14 and 15, the topological conﬁgurations
at the junction cores for the experimentally observed junctions are
equivalent to those arrived at through this geometricalconstruction. This result conﬁrms our interpretation that the cores
of the b ¼ (1/5) [310] and b¼ (1/5) [120] dislocations are located at
the corners of the “head-to-head” junctions.
As noted earlier, the distribution of dislocations observed at this
boundary is that required to accommodate the coherency strains
D.L. Medlin et al. / Acta Materialia 124 (2017) 383e396 395resulting from the deviation from the exact S ¼ 5 orientation
relationship. This observation, along with our ﬁnding that each
facet junction pair is associated with a secondary grain boundary
dislocation located at the facet junction suggests that it is the facet-
junction/SGBD interaction that is controlling the facet length-scale.
The implications for the development and analysis of grain
boundary morphological development are signiﬁcant since the
density and arrangement of grain boundary dislocations are
extremely sensitive functions of the misorientation and inclination.
For instance, in experimental orientation mapping experiments,
such as electron backscattered electron diffraction (EBSD), it com-
mon to categorize the CSLs of observed boundaries using angular
acceptance criteria such as the Brandon Criterion [63]. However,
the angular acceptance ranges of commonly employed criteria are
sufﬁciently large that they imply a large range of SGBD separations
[64], ranging from inﬁnite separation, at the exact CSL orientation,
to mere nanometers at the upper limit of typical angular accep-
tance criteria. Thus, in cases where there is a strong coupling
interaction between the facet junctions and SGBDs, the observed
facet length scales will vary widely, being sensitive to small varia-
tions is orientation, for the same nominal CSL value.
5. Concluding comments
The results and analysis presented here illustrate an important
manifestation of the interplay between interfacial energy anisot-
ropy and the discrete, atomistic character of the interface, junction,
and dislocation structure. We have focused speciﬁcally on the
structure of an asymmetric S ¼ 5 [001] boundary in Fe and have
shown how the structure of this boundary is composed of indi-
vidual facets corresponding to the low energy {310} and {210} in-
clinations. The atomic structures of these facets are consistent with
those of the ideal symmetric inclinations despite the small,
nanometer-scale lengths of the facets. Our atomistic simulations
and experimental observations provide insight not only concerning
the structures of the boundary facets, but also concerning the
junctions between these facets. For instance, our analysis shows
how the junction structure is related to the elementary structural
units of the intersecting facets and how this structure changes with
the incorporation of secondary grain boundary dislocations. S ¼ 5
[001] boundaries are widely employed as prototypical interfaces in
atomistic modeling studies of grain boundary phenomena, such as
interfacial segregation, but such studies have been primarily
limited to ideal, symmetric inclinations. The analysis presented
here provides a basis for extending atomistic studies on this pro-
totypical system to more complex and realistic conﬁgurations with
asymmetric inclinations and deviation from the exact CSL
orientation.
More generally, our work identiﬁes a linkage between the sec-
ondary grain boundary dislocation (SGBD) distribution and the
facet length scale. This is a fundamentally different view of the
factors that control grain boundary facet spacing. Prior analyses
have focused on the energetics of the individual facets and the
elastic interactions and properties of the intrinsic junction dislo-
cations (IJDs) that result from translational incompatibilities of the
intersecting facets. Our observations show that it is also critical to
consider the SGBD content, particularly if these additional dislo-
cations are localized to the facet junction cores. In such situations,
since the SGBD content depends sensitively on the orientational
parameters of the interface, small deviations from ideal, low-
energy reference conﬁgurations (e.g., a deviation away from an
exact CSL orientation) are likely to dominate the length-scale of the
faceting. This is a critical issue for interpreting experimental ob-
servations of grain boundary faceting, particularly those employing
techniques with relatively low spatial resolution, since the densityof SGBDs may obscure the underlying interfacial energy anisotropy
by limiting faceting to small, nanometer-scale dimensions.
The results and observations from this study suggest promising
future directions for theoretical development. Further work
investigating the binding energetics of secondary grain boundary
dislocations to facet junctions would be useful in identifying the
kinetic and thermodynamic regimes for which dislocation/junction
interactions will dominate the interfacial morphological develop-
ment. More generally, in our view, accounting for interfacial line
defects in mesoscale microstructural evolution models is central to
capturing the non-ideality resulting from variability in local grain
orientation and from interactions of the grain boundary with dis-
locations in the adjacent grains, whether during plastic strain or
boundary motion.
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